The nusG gene of Thermus thermophilus HB8 was cloned and sequenced. It is located 388 bp downstream from tufB, which is followed by the genes for ribosomal proteins Lii and Li. No equivalent to secE preceding nusG, as in Escherichia coli, could be detected. The nusG gene product was overproduced in E. coil. A rabbit antiserum raised against the purified recombinant NusG reacted exclusively with one protein band of T. thermophilus crude extracts in Western blot (immunoblot) analyses, and no cross-reaction of the antiserum with E. coli NusG was observed. Recombinant NusG and the reacting T. thermophilus wild-type protein had identical sizes on sodium dodecyl sulfate-polyacrylamide gels. T. thermophilus and E. coli NusG have 45% identical and 22.5% similar amino acids, and similarities between the two proteins are most pronounced in carboxy-terminal regions. The T. thermophilus nusG gene could not rescue a nusG-deficient E. coli mutant strain.
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Promoter-leader regions of rRNA operons and 16S-23S rRNA intergenic sequences of various bacteria harbor conserved boxA and boxB sequence elements similar to the nut sites of lambda (2) . The genome of the extreme thermophilic eubacterium Thennus thennophilus (21) encodes two monocistronic 16S rRNA genes and two 23S-5S rRNA operons (8, (10) (11) (12) , and boxA and boxB sequences were detected in the leader regions of 16S rRNA and 23S-5S rRNA operons, as well as in the spacer between 23S and 5S rRNA (8, 11) . In vitro, Escherichia coli NusG and NusB associate with RNA polymerase synthesizing rRNA, and this interaction depends on P2 promoter-leader sequences (16) . This led us to search for the corresponding genes in T. thermophilus. The E. coli NusG protein, which is essential for bacterial viability (5), has been identified as a transcription elongation factor that influences transcription termination and antitermination (16-18, 26, 27) . NusG is part of termination-resistant transcription complexes (N antitermination) of phage lambda in vitro (16, 18) . Such elongation control particles further involve the phage-encoded N protein, host proteins NusA and NusB, ribosomal protein S10, and nut site-encoded boxxA and boxB RNA elements (18) . The complex, which is the best studied of its kind, is characterized by many weak but highly cooperative molecular interactions (19) . Therefore, biochemical approaches to detect individual protein-protein or RNA-protein interactions have been largely unsuccessful with the E. coli system, with the exception of a NusB-S10 interaction reported recently (19) . T. thernophilus has an optimal growth temperature of 70 to 75°C. Thermostabilization of proteins can be achieved by strengthening domain and subunit interactions (1, 13, 20) to ensure at elevated temperatures topology and flexibility similar to those in mesophilic systems. Thus, weak interactions of components involved in transcription of rRNA genes might be more accessible to biochemical analyses in the T. thermophilus than in the E. coli system. Because of the strong conservation of sequence elements in rRNA leader regions of the two eubacteria (8) , biochemical data obtained for transcription * Corresponding author. complexes formed at rRNA genes of T. thermophilus can in turn influence genetic studies with the well-developed E. coli system. In this report we present the identification of the nusG gene and its product of T. thermophilus HB8.
Cloning of the nusG gene. In E. coli, the secE and nusG genes are located between the tufB gene and the rplK gene encoding ribosomal protein Lii (5) . Anticipating a similar genomic organization and using the last 200 bp of the T. thermophilus tufA gene (24) as a hybridization probe, we cloned a 2.2-kbp KpnI-HincII fragment of T. thermophilus HB8 (Fig. 1) into plasmid pT7T3-19U (Pharmacia) according to protocols previously described (14) . The K:pnI site is located approximately 200 bp upstream of the tufB stop codon (23) (Fig. 1) . The cloned DNA fragment except for the C-terminal region of rpIK (Lll) and the N-terminal region of rplA (Li) Li (rpLA) were identified ( Fig. 1 to   3 ). On the basis of the partial alignments of ribosomal proteins Lll and Li (Fig. 3) , and assuming equal sizes of rplK, rplK-rpL4 spacer, and rpL4 in T. thermophilus and E. coli (22) , the sequence gap (Fig. 2) would comprise approximately 590 bp.
In E. coli, nusG is immediately preceded by the secE gene (5). However, no reading frame corresponding to secE upstream from nusG could be identified in T. thennophilus, and the distance between tufB and nusG is 614 bp in E. coli (5) but only 387 bp in T. thermophilus (Fig. 2) . Only one reasonable additional start codon (Fig. 2 , position 226 to 228, underlined) could be detected in the tufBl-nusG spacer region, which is in frame with nusG and would extend the N terminus (Fig. 2, nucleotide 406 ) of NusG by 60 residues. However, an alignment (data not shown) of potential NusG coding sequences from T. thermophilus and Thermotoga maritima (16a), another extremely thermophilic eubacterium, with E. coli nusG supported a start of T. thermophilus nusG at nucleotide 406 (Fig. 2) . A secE analog is also absent from the nusG upstream region in T. maritima, where nusG is preceded by five tRNA genes (16a ACCAAGASTCCTGGAGTAAGCCAAGAGGGGAGGCTAGCCTCCCCCCCCAGGCGA;ClGGGTGGTACCTlTCCGGGCACCGA thermophilus Lii and Li with corresponding regions of E. coli Lii and Li (5, 22) . (Fig. 4) (Fig. 4) showed an additional protein band of approximately 24 kDa after isopropyl-o-D-thiogalactopyranoside (IPTG) induction (Fig. 5, lanes 4 and 5) . Purification of recombinant T. thermophilus NusG was considerably facilitated by the fact that the vast majority of E. coli proteins could be precipitated by incubating the crude extract at 70°C for 30 min (Fig. 5, lanes 4 and 6) . The protein was either purified by MonoQ and Superose 12 (Pharmacia) chromatog- Samples were run on a 15% SDS-polyacrylamide gel (28) followed by staining with Coomassie brilliant blue. Lanes: 1, size marker (Pharmacia); 2 and 3, E. coli X90 (7) harboring pMSNusG (Fig. 4) (Fig. 5, lane 7) ; 2, cell lysate of E. coli X90 (7) cells carrying plasmid pMSNusG (Fig. 4 ) and harvested at an optical density at 600 nm (OD6.) of 0.5; 3 and 4, the culture of lane 2 was divided into two halves at an OD6 of 0.8, IPTG (final concentration, 1 mM) was added to one half (lane 3) but omitted from the second half (lane 4), and cells were harvested after 3 h; 5, 6, and 7, same as lanes 2, 3, and 4, but with E. coli X90 transformed with the vector pMS119EH (Fig. 4) . In lanes 2 to 7 (A) and 9 to 14 (B), approximately 3 ,ug of total protein was loaded on the gel. Lanes M, prestained low-molecular-protein marker (GIBCO-Bethesda Research Laboratories). Faint cross-reacting bands visible in lane 9 (B), which are absent from equivalent lanes 5 to 7 (A), represent unspecific and not reproducible signals because of fluctuations of the antibody detection system. Detection was implemented by an antirabbit immunoglobulin G antibody alkaline phosphatase conjugate (Boehringer Mannheim) and 5-bromo-4-chloro-3-indolylphosphate toluidinium-nitroblue tetrazolium (Sigma). Blotting was performed as described (28) . raphy (Fig. 5, lane 7) or by preparative sodium dodecyl sulfate (SDS)-gel electrophoresis for production of antiserum. Protein sequencing of the N terminus showed the expected amino acid sequence, although the terminal Met was absent from the recombinant protein in E. coli (data not shown).
Western blot analysis. Production of recombinant T. thermophilus NusG was analyzed by Western blotting (immunoblotting) with a rabbit antiserum (Fig. 6A) . IPTG induction led to increased amounts of the protein, although the tac expression system was leaky in the absence of IPTG (Fig.  6A, lane 3 versus lane 4) . We were unable to observe a cross-reaction of the antiserum with endogenous E. coli NusG (Fig. 6A, lanes 5 to 7) . Western blot analysis of crude extracts from T. thermophilus HB8 cells harvested between early and late log phase revealed constant amounts of a single protein reacting with the antiserum (Fig. 6B, lanes 10  to 14) . The protein migrated at a position identical to that of the recombinant T. thermophilus NusG (Fig. 6B, lane 8 versus lanes 10 to 14), clearly demonstrating the identity of recombinant and wild-type NusG.
Complementation studies. For complementation studies, E. coli SS287 was used. The conditional lethal strain carries a chromosomal copy of nusG disrupted with a Kn insertion and a nusG gene copy on a temperature-sensitive plasmid replicon (pSS119 [26] ). Shifting the cells from 32 to 42°C results in plasmid loss with only low numbers of revertants growing at the nonpermissive temperature. Cell growth at 42°C can be rescued by transformation with a second compatible pBR322 derivative (pSS105) harboring the E. coli secE-nusG operon (5) . We transformed E. coli SS287 cells with plasmid pSS105 (E. coli nusG), the cloning vector pMS119EH (no nusG [Fig. 4] ), or pMSNusG (T. thermophilus nusG [Fig. 4] ). Only transformants carrying pSS105 showed normal growth at 42°C on Luria-Bertani agar plates containing kanamycin-ampicillin or kanamycin-ampicillin-IPTG. Therefore, T. thermophilus NusG is unable to replace E. coli NusG in vivo. Analysis on kanamycin-ampicillin-IPTG plates at 42°C reproducibly showed even fewer revertants for pMSNusG than pMS119EH transformants. This suggests that the overproduced heterologous protein interferes with essential cell functions in NusG-depleted E. coli cells.
Protein sequence. NusG sequences from E. coli (181 residues) and T. thermophilus (184 residues) show 45% identical residues and 22.5% amino acids with similar chemical or sterical properties at corresponding positions (Fig. 3) . Homology is most pronounced in the C-terminal 23 residues, where 19 amino acids are identical (Fig. 3) . A comparison of NusG proteins from T. thermophilus and T. maritima (16a) revealed an insertion of 171 amino acids in the central part of T. manitima NusG, near position 50 of the T. thermophilus NusG sequence (Fig. 3) . T. maitima NusG shares 42% identical and 23% similar amino acids with T. thermophilus NusG in the 47 N-terminal and 132 C-terminal amino acids (16a) .
The identification of nusG genes in T. maritima (by Patrick Dennis's group) and T. thermophilus, as well as detection of the nusG gene product in T. thermophilus, corroborates the suspicion that Nus factors are a ubiquitous class of proteins that modulate transcription in eubacteria.
